3 To whom correspondence should be addressed. (Fambrough, 1979) . Bgt 2.2 also binds to neurons that have ACh receptors, but the relationship between the Bgt 2.2 binding site on neurons and the neuronal ACh receptor remains unclear. It has been found that concentrations of Bgt 2.2 adequate to saturate the binding site on avian and mammalian autonomic neurons have no effect on neuronal ACh sensitivity (Brown and Fumagalli, 1977; Patrick and Stallcup, 1977a; Carbonetto et al., 1978; Kouvelas et al., 1978; Ravdin and Berg, 1979; Chiappinelli et al., 1981) . Furthermore, immunological studies on the p#heochromocytoma cell line PC12 suggested that the two sites may be distinct. Antibodies against eel ACh receptor did block ACh receptor function in PC12 cells and did cross-react with some component in cell homogenates, but the antibodies did not cross-react with the Bgt 2.2 binding component either in whole cells or in cell homogenates (Patrick and StaIlcup, 1977b) . Recently, we have identified two protein neurotoxins (Bgt 3.1 and Bgt 3.3) present as minor components in the 850 Ravdin et al. Vol. 1, No. 8, Aug. 1981 venom of Bungarus multicinctus that do inhibit ACh receptor function on neurons (Ravdin and Berg, 1979) . The purified toxins have apparent molecular weights of -6500 and 8000, respectively, as determined by polyacrylamide gel electrophoresis in sodium dodecyl sulfate. Very low concentrations of either Bgt 3.1 or Bgt 3.3 reversibly inhibit the sensitivity of ciliary ganglion neurons to iontophoretically applied ACh. Under these conditions, the toxins had no effect on the mean resting potential and input resistance of the neurons, and they did not prevent generation of action potentials. These observations raised the possibility that either Bgt 3.1 or Bgt 3.3 might prove useful as a ligand for studying the regulation of neuronal ACh receptors.
We now report that Bgt 3.1 has a second effect on neuronal membrane components: it causes the rapid internalization of Bgt 2.2 bound on the surface of the cells. Blockade of neuronal ACh sensitivity by Bgt 3.1, however, can be separated from the effect of Bgt 3.1 on Bgt 2.2 bound to the neurons.
Materials
and Methods Cell cultures. Ciliary ganglion (CG) neuron cultures were prepared with dissociated neurons from 8-day-old chick embryos as previously described (Nishi and Berg, 1977) . For fluorescence microscopy studies, the neurons were usually grown with skeletal myotubes on glass bottom dishes (Ravdin and Berg, 1979) . In some cases, CG neurons were grown alone on collagen-coated 35mm plastic dishes, and subsequently, the cultures were covered with a glass coverslip and inverted for fluorescence microscopy.
For binding studies with '""I-Bgt 2.2, dissociated CG neurons were grown alone at a density of 2 to 4 ganglion equivalents (i.e., 1.3 to 2.6 x lo" neurons) per 16-mm Falcon tissue culture well (Nishi and Berg, 1979) . In these experiments, it was necessary to take special precautions to insure that the CG neurons remained firmly attached to the culture surface throughout the many incubation and wash steps. Accordingly, the wells first were seeded with chick fibroblasts prepared by trypsin dissociation of embryonic cephalic skin tissue. The fibroblasts were allowed to grow to confluency (2 to 3 days) and then were lysed by incubation with deionized water for 1 hr at 37°C. The wells were rinsed briefly, filled with culture medium, and seeded with CG neurons. The neurons attached firmly to the modified surface and remained uniformly distributed throughout the culture (Nishi and Berg, 1981) . Sympathetic neurons were grown either with skeletal myotubes in 35mm dishes or alone in 16-mm wells exactly as described for CG neurons except that the sympathetic neurons were obtained from 8-to 12-day-old chick embryos and were seeded at a density of one to two chains per culture (two chains of ganglia obtained per embryo). Myotube cultures were prepared as previously described (Nishi and Berg, 1977) except for cultures used in '*"I-Bgt 2.2 binding experiments, in which case, the cells were seeded at 10"/16-mm well. All cultures containing neurons were maintained in Eagle's minimal essential medium supplemented with 10% (v/v) heatinactivated horse serum, 5% (v/v) chick embryo extract, 50 pg/ml of penicillin, and 50 units/ml of streptomycin (Nishi and Berg, 1979) ; the medium was changed at 2-to 3-day intervals. Cultures containing sympathetic neurons were supplemented with 1 unit/ml of nerve growth factor (Burroughs-Wellcome).
Protein neurotoxins. a-Bungarotoxin (Bgt 2.2) and neurotoxin Bgt 3.1 were purified from Bungarus multicinctus venom as previously described (Ravdin and Berg, 1979) . In some cases, further purification of Bgt 3.1 was carried out to remove the remaining 5 to 10% impurities. To do this, Bgt 3.1 (16 mg) was loaded onto a carboxymethyl (CM) cellulose column (CM52, 15 ml, 0.9 x 23 cm) and was eluted with a linear salt gradient (110 ml Patrick et al., 1980) . The concentration of Bgt 3.1 was calculated by performing Lowry protein determinations (Lowry et al., 1951) . To calibrate the Lowry assay, a solution of Bgt 3.1 also was examined for amino acid composition by Jack Kyte (University of California, San Diego). An apparent Bgt 3.1 concentration of 1 mg/ml, as determined by the Lowry assay using bovine serum albumin as a standard, corresponds to an actual Bgt 3.1 concentration of 0.1 mru as indicated by amino acid analysis. This correction was applied routinely in determining Bgt 3.1 concentrations.
Nerve growth factor. The 7 S form of nerve growth factor (NGF) was purified as previously described (Burton et al., 1978) , and the p form (P-NGF) was isolated from it by ion exchange chromatography on CM-cellulose (Varon et al., 1968) . Tetramethyl rhodamine-conjugated /3-NGF (R-NGF) was prepared by reacting 1.5 mg of p-NGF with 19 pg of tetramethyl rhodamine isothiocyanate in 1.1 ml of 0.09 M NaC03, pH 9.0, for 1 hr at room temperature.
R-NGF was separated from unbound rhodamine by gel filtration through a Sephadex G-25 column equilibrated with 3.3 mM NaPO+ pH 7.4. Fluorescence microscopy.
Cultures labeled with R-2.2 or R-NGF were prepared and examined with fluorescence microscopy as previously described (Ravdin and Berg, 1979) . In nerve-muscle cultures, R-2.2 bound to neurons and myotubes, but the two types of binding usually could be distinguished clearly by comparing fluorescence and phase images and by adjusting the focal plane of the microscope.
For incubations at 4°C the R-2.2-labeled Acetylcholine (ACh) sensitivity for CG neurons grown in culture for 1 to 2 weeks was measured by using intracellular recording and iontophoretically applying ACh as previously described (Ravdin and Berg, 1979) . A mean value for ACh sensitivity in millivolts per nanocoulomb (nC)) was calculated for a population of neurons for a given test condition, and the value was expressed as a percentage of that obtained for neurons in control cultures from the same series of plates assayed on the same day. In some cases, the same culture was used for the control and test condition by assaying neurons before and after exposure to the toxin. Results were pooled from several experiments. Control values, defined as lOO%, were usually about 100 mV/nC, though considerable variation was observed for neurons within a culture and for cultures from different experiments (Ravdin and Berg, 1979) . '251-Bgt 2.2 binding.
'"'I-Bgt 2.2 binding was assayed at 37°C by incubating either 0.3 or 0.5 ml of medium containing ""I-Bgt 2.2 in 16-mm culture wells. The cultures then were rinsed either four or five times with l-ml aliquots of warm medium, scraped in 0.5 ml of 0.6 N NaOH, and counted for radioactivity with a Nuclear Chicago y counter. For binding studies at 4"C, cultures were rinsed and incubated in chilled phosphate-buffered saline (PBSS) containing 1 mg/ml of bovine serum albumin and then rinsed with chilled culture medium.
For experiments in which the release of lz51-Bgt 2.2 from cells was examined, the cultures first were labeled at 37°C with '"'I-Bgt 2.2 and rinsed as described above. The cultures then were incubated in 0.5 ml of medium with or without 0.2 pM Bgt 3.1 for 1 hr at 37'C, rinsed twice, given fresh medium, and returned to 37°C. At various times afterward, cultures were rinsed once, scraped, and counted for radioactivity. The supernatant fraction from the final incubation and the rinse solution were pooled and counted to determine the amount of radioactivity released. Nonspecific binding was determined by labeling the cultures with 12"1-Bgt 2.2 in the presence of 1 pM Bgt 2.2 and then processing the cultures as described above. Such values were always less than 5% of the experimental values and were subtracted where appropriate.
P-2 column gel filtration.
Radioactive culture medium (0.3 ml) was applied to a P-2 column (21 X 0.8 cm) equilibrated with PBSS containing 1 mg/ml of bovine serum albumin and 1 mM 3,5-di-iodo-L-tyrosine, and 0.50-ml fractions were collected. Recoveries of radioactivity from the columns were about 90%.
Antibody/Staphylococcus assay. Anti-Bgt 2.2 antiserum was used to assay the fraction of neuronally bound Bgt 2.2 that remained accessible to antibodies on intact cells. Cultures were labeled with 1251-Bgt 2.2 and washed as described above. Cultures were incubated further in fresh solution under the test conditions. The cultures then were rinsed once with cold PBSS (1 ml/well) and incubated 0.5 hr on ice in PBSS (0.5 ml/well) containing anti-Bgt 2.2 antiserum and 1 mg/mI of ovalbumin. The cultures were rinsed again with cold PBSS (1 ml/well), homogenized in T buffer (0.05 M Tris, pH 7.4, 0.15 M NaCl, 0.1% Triton X-100,0.02% sodium azide, and 1 mg/ ml of ovalbumin; 0.5 ml/well) containing 1 PM Bgt 2.2, and mixed with a 1.4% (w/v) suspension (0.5 ml) of fixed Staphylococcus aureus in T buffer to absorb the antigen. antibody complex (Kessler, 1975) . The particulate fraction was collected by centrifugation at 12,800 x g for 2 min, washed with 1 ml of T buffer, and counted for radioactivity with a y counter. The supernatant fraction and wash solution were pooled and counted similarly.
Media
and chemicals.
Culture media and biological materials were obtained and prepared as described (Nishi and Berg, 1977) . B. multicinctus venom was purchased from Miami Serpentarium, tetramethyl rhodamine isothiocyanate was from Research Organics, Inc., and cytochalasin B, colchicine, di-iodo-L-tyrosine, and concanavalin A were from Sigma. Fixed Staphylococcus aureus was purchased as a 10% (w/v) suspension from Calbiochem. Na['251] was purchased from New England Nuclear and from Amersham/Searle. Dendroaspis viridis long toxin was the generous gift of Jim Patrick (Salk Institute) and has been shown to bind tightly and specifically to the Bgt 2.2 binding site on PC12 cells in culture (Patrick et al., 1980) . Anti-Bgt 2.2 antiserum was raised in rabbits against purified Bgt 2.2. After centrifugation to remove clotted material and cells, the serum was stored frozen until use. The antiserum was specific for Bgt 2.2 and did not cross-react with Bgt 3.1 (Nitkin, 1981) . PBSS was as previously described (Barald and Berg, 1978) except that glucose was omitted.
Results
Bgt 2.2 binding sites. Ciliary ganglion (CG) neurons grown in dissociated cell culture were found to have specific high affinity binding sites for Bgt 2.2. The sites could be saturated by incubation with 10 nM '251-Bgt 2.2 for 1 hr at 37°C (Fig. 1 ). Binding sites with similar properties have been described for Bgt 2.2 on CG neurons in whole ganglia (Chiappinelli and Giacobini, 1978; Fumagalli et al., 1978) . When CG neurons were incubated with 40 nM rhodamine-labeled Bgt 2.2 (R-2.2) and examined with fluorescence microscopy, the fluorescent labeling was distributed in a patchy manner over the neuronal somata and processes (Fig. 2, A and B). The fluorescent labeling was specific since incubation of the cells with 10 nM Bgt 2.2 prior to R-2.2 treatment resulted in no detectable fluorescent labeling of the neurons.
Internalization induced by Bgt 3.1. Bgt 3.1 produced dramatic changes in the distribution of bound R-2.2 on the cells. When the neurons first were labeled with R-2.2 and then incubated with 0.2 pM Bgt 3.1 for 1 hr at 37°C very little R-2.2 binding remained at the cell surface. Instead, numerous small intense foci of rhodamine fluorescence appeared scattered throughout the cell interior Ravdin et al. Vol. 1, No. 8, Aug. 1981 rescent labeling of the cells. Either Bgt 3.1 blocks Bgt 2.2 binding sites at 37°C or it induces internalization of the empty binding sites.
Internalization of bound R-2.2 also occurred with intact ciliary ganglia. Whole ganglia from 8-day-old embryos were incubated with 50 nM R-2.2 for 1 hr at 37°C and then treated with 0.2 PM Bgt 3.1 for an additional hour. Control ganglia lacking exposure to Bgt 3.1 were labeled heavily with fluorescence outlining the neuronal cell bodies (Fig. 3A) . In contrast, ganglia treated with Bgt 3.1 contained neurons with the intense punctate labeling (Fig. 3B) . Internalization of b c!u nd R-2.2 could not be induced by Bgt 3.1 in the presence of high concentrations of Bgt 2.2. Thus, CG neurons that were labeled with R-2.2 and subsequently incubated with 1 PM Bgt 2.2 along with Bgt 3.1 retained fluorescent labeling at the cell surface and lacked the characteristic internal punctate labeling (Fig.  4) . It is possible that the high concentrations of Bgt 2.2 prevented internalization by saturating the Bgt 2.2 high affinity binding site. Under the conditions used, R-2.2 itself did not saturate the Bgt 2.2 binding sites. This was demonstrated by competition studies in which Bgt 2.2 and R-2.2 were compared in their abilities to block lz51-Bgt 2.2 binding (Table I) . With the standard labeling conditions, 50 nM for 1 hr, R-2.2 blocked about one-third of the sites, while Bgt 2.2 blocked nearly all of them. Higher concentrations of R-2.2 blocked a larger fraction of the sites. (Fig. 2, C and D) . By adjusting the focal plane of the microscope, it was possible to demonstrate that the punctate labeling induced by Bgt 3.1 was, in fact, distributed throughout the cell interior. The cell nucleus usually could be distinguished as a dark ovoid structure which excluded the fluorescent foci.
Internalization of bound R-2.2 was inhibited by low temperature. When R-2.2-labeled neurons were incubated with Bgt 3.1 at 4°C no internalization was observed (Fig. 2E) . The fluorescence remained associated with the cell surface. When the cultures were washed to remove unbound Bgt 3.1 and then warmed to 37"C, internalization proceeded as described (Fig. 2F) . Clearly Bgt 3.1 was able to bind at 4°C but internalization of the bound R-2.2 was blocked at the low temperature. Induced internalization also was blocked when R-2.2-labeled neurons were treated with 0.1 mg/ml of concanavalin A for 1 hr at 37°C prior to incubation with Bgt 3.1 (not shown). The induced internalization of R-2.2 was not blocked by 50 PM colchicine or 200 pM cytochalasin B. Little if any internalization occurred spontaneously over a period of several hours in the absence of Bgt 3.1 treatment, and high concentrations of Bgt 2.2 (1 pM) did not induce internalization of the bound R-2.2, as judged by the absence of the characteristic punctate labeling. Incubation of CG neurons in 0.2 PM Bgt 3.1 for 30 min at 37°C prior to labeling with R-2.2 prevented subsequent fluoImmunological confirmation of Bgt 2.2 internalization. Further evidence for the internalization of bound Bgt 2.2 was obtained by using 1251-Bgt 2.2 together with anti-Bgt 2.2 antibodies. The strategy was to determine what fraction of the 1251-Bgt 2.2 bound to intact cells remained accessible to antibodies before and after treatment with Bgt 3.1. Since antibodies cannot readily cross the membrane of intact cells, a decrease in the amount of antigen. antibody complex formed on intact cells would imply internalization of the labeled ligand by the cell. To determine the optimum level of antiserum for the assay, ' cultures of CG neurons were labeled with 1251-Bgt 2.2, washed, incubated with various concentrations of antiserum, washed again, and homogenized. The cell homogenate then was incubated with fixed Staphylococcus aureus and centrifuged to collect bound antigen-antibody complex. With saturating levels of antiserum, about two-thirds of the neuronally bound Bgt 2.2 could be recovered as antigen. antibody complex specifically bound to the Staphylococcus (Fig. 5) . Less than complete precipitation of the complex is expected in the Staphylococcus assay when few antibodies are bound per antigen (Kessler, 1975) , as might occur when Bgt 2.2 is associated with membrane sites. Incubation of unbound '251-Bgt 2.2 with excess antiserum followed by Staphylococcus treatment led to complete precipitation (98%) of the radioactivity. Bgt 3.1 treatment significantly reduced the amount of neuronally bound '251-Bgt 2.2 that could interact with antibody and be precipitated specifically as antigen-antibody complex. A small reduction was observed when neurons were labeled initially with a high concentration of '251-Bgt 2.2 (9 nM) (Table II) . A large reduction was seen for neurons labeled with a low concentration of 1251- CG cultures grown on glass bottom dishes were incubated in R-2.2 as indicated below and then were examined by phase and fluorescence microscopy. A, Phase micrograph of two CG neurons incubated 2 hr at 37°C in 50 nM R-2.2. B, Fluorescence micrograph of same cells as in A. C, Phase micrograph of a cluster of four neurons incubated 1 hr at 37°C in 50 nM R-2.2 followed by a 2nd hr at 37°C in R-2.2 plus 0.2 PM Bgt 3.1. D, Fluorescence micrograph of same cell cluster shown in C. E, Fluorescence micrograph of a neuron labeled with 50 nM R-2.2 for 75 min at 37"C, rinsed, and then incubated an additional 2 hr in 0.2 PM Bgt 3.1 at 4°C. F, Fluorescence micrograph of a neuron treated as in E except that, after the 4°C incubation, it was rinsed three times and then warmed to 37°C for 1 hr. In all cases, the fluorescent labeling was specific in that it did not occur when the cells were incubated in 0.2 pM Bgt 2.2 before and during the incubation with R-2.2. Calibration bar: 50 pm.
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Figure 3. Internalization of R-2.2 bound to intact ciliary ganglia. Ganglia from g-day-old chick, embryos were incubated in culture medium (0.2 ml) for 2 hr at 37°C containing (A) 50 nM R-2.2 or (B) R-2.2 for 1 hr at 37°C followed by 1 hr at 37°C in R-2.2 plus 0.2 pM Bgt 3.1 and then were examined by fluorescence microscopy. Incubation of the ganglia in 1 pM Bgt 2.2 for 1 hr at 37°C prior to R-2.2 treatment blocked the fluorescent labeling. Calibration bar: 50 pm.
Ravdin et al. Vol. 1, No. 8, Aug. 1981 Bgt 2.2 (1 nM). As predicted from the R-2.2 studies, inclusion of an excess of Bgt 2.2 (1 PM) in the incubation with Bgt 3.1 prevented the internalization of the bound lz51-Bgt 2.2. These results are consistent with the possibility that high concentrations of Bgt 2.2 may prevent the induced internalization by saturating the Bgt 2.2 binding sites. The fact that Bgt 3.1 achieved some internalization following labeling with 9 nM 1251-Bgt 2.2, a concentration previously found to be saturating, may reflect the fact that some of the bound 125I-Bgt 2.2 dissociates during the incubation with Bgt 3.1 (see below). When internalization was blocked by incubation at low temperature, Bgt 3.1 did not reduce the amount of bound Bgt 2.2 accessible to antibody (Table II) . Low temperature did not prevent Bgt 3.1 binding (Fig. 2 , E and F; see Fig. 10 ). Accordingly, it is unlikely that Bgt 3.1 reduced the accessibility of bound Bgt 2.2 for antibody by interfering in a simple steric manner. Instead, the temperature dependence confirms the observations made with R-2.2 and supports the interpretation that the reduced accessibility reflects internalization of the bound Bgt 2.2.
Fate of internalized Bgt 2.2. The fate of internalized 1251-Bgt 2.2 was examined first by measuring the rate of release of radioactivity from the cells. Cultures of CG neurons were labeled with '251-Bgt 2.2 under nonsaturating conditions (1 nM, 1 hr), washed, incubated either with or without Bgt 3.1 (0.2 PM, 2 hr at 37"C), and washed again. The release of radioactivity from the cultures then was followed over a 5-hr period. The amount of '251-Bgt 2.2 initially associated with the cells was similar for cultures incubated with and without Bgt 3.1. No significant difference was observed for the rate of release from CG neuron cultures labeled with R-2.2 were examined by fluorescence microscopy as described in Figure 2 . A, A cluster of CG neurons after incubation for 2 hr at 37°C in 50 nM R-2.2. B, A cluster of neurons treated as in A except that 0.2 pM Bgt 3.1 was included during the 2nd hr at 37"C. C, A cluster of neurons treated as in B except that 1 pM Bgt 2.2 was included with the Bgt 3.1 during the 2nd hr at 37°C. Calibration bar: 50 pm. (Fig. 6) . Similar results were obtained when release was measured from cultures labeled under saturating conditions (15 nM 1251-Bgt 2.2, 1 hr) at the outset.
The form of the released radioactivity was examined the two kinds of cultures. Half-times of 2 to 3 hr were to determine if degradation of the internalized Bgt 2.2 had occurred. Cultures were labeled with 1 nM '251-Bgt 2.2, treated with Bgt 3.1, washed, and incubated for 6.5 hr. The culture medium then was recovered and fractionated on a P-2 column. Over half of the released radioactivity was recovered in the included volume of the column, indicating that extensive breakdown of the bound toxin had occurred (Fig. 7) . In control cultures lacking Bgt 3.1 treatment (Fig. 7) or in cultures incubated in 1 PM Bgt 2.2 along with the Bgt 3.1 (not shown), less than a quarter of the released radioactivity was recovered in the included volume and this presumably reflects normal metabolic turnover of the membrane receptor (see "Discussion"). Thus, the rate of release of labeled material from the neurons with and without Bgt 3.1 treatment was similar, but more of the bound '251-Bgt 2.2 was released in a degraded form when internalization occurred.
Sympathetic neurons. Bgt 3.1 was able to internalize bound Bgt 2.2 on chick sympathetic neurons in cell culture as it did on CG neurons. Cultures of sympathetic neurons were labeled with R-2.2 and then treated with Bgt 3.1 and examined by fluorescence microscopy. Control cultures lacking Bgt 3.1 treatment contained neurons with heavy surface labeling (Fig. BA) . Neurons treated with Bgt 3.1 had the characteristic internal punctate labeling observed for CG neurons after similar treatment (Fig. BB) . Internalization of bound R-2.2 was blocked when a saturating level of Dendroaspis viridis long toxin (1 PM), an a-toxin that binds to Bgt 2.2 binding sites lb 2'0 2'5 FRACTION Figure   7 . Degradation of lZ51-Bgt 2.2 bound to CG neurons. CG cultures prepared with five dissociated ganglia per 16-mm well were labeled with 1 nM lZ51-Bgt 2.2, rinsed, and incubated in medium with 0.2 pM Bgt 3.1 as described in Figure 6 . The cultures then were rinsed again and incubated 6.5 hr at 37°C to permit release of the radioactivity.
The recovered medium was analyzed by gel filtration through ( Patrick et al., 1980) , was included in the incubation with Bgt 3.1 (Fig. 8C) . Internalization of bound Bgt 2.2 on sympathetic neurons was confirmed by antibody experiments. As with CG neurons, Bgt 3.1 treatment significantly reduced the fraction of bound 1251-Bgt 2.2 that remained accessible to anti-Bgt 2.2 antiserum (Table III) . Again, a high concentration of Bgt 2.2 blocked the effect of Bgt 3.1.
Specificity of Bgt 3.1. Two types of experiments were done to examine the specificity of the internalization induced by Bgt 3.1. The first was to determine whether all protein ligands that bound to specific receptors on the neurons were internalized after Bgt 3.1 treatment. The ligand tested was p-nerve growth factor (P-NGF). Rhodamine-labeled p-nerve growth factor (R-NGF) was prepared and incubated with sympathetic neurons in cell culture. For many neurons, both the soma and processes were labeled with rhodamine fluorescence (Fig. 9A) . No difference was observed after Bgt 3.1 treatment (Fig.  9B) . The neurons retained the surface labeling and did not have the internal punctate labeling characteristic of internalized R-2.2. The R-NGF binding to sympathetic neurons was specific since incubation with 20 PM P-NGF for 30 min at 37°C prior to R-NGF treatment prevented the fluorescent labeling. Preincubation of the neurons in 0.2 pM Bgt 3.1 for 30 min at 37°C did not reduce the amount of fluorescent labeling obtained subsequently with R-NGF, indicating that Bgt 3.1 did not compete for R-NGF binding sites and did not internalize them in the absence of R-NGF. These results suggest that at least one class of protein ligands bound to the neurons is not internalized by Bgt 3.1 treatment. Vol. 1, No. 8, Aug. 1981 Sympathetic neuron cultures were labeled with 1 nM lz51-Bgt 2.2 for 1 hr at 37°C and were incubated for a 2nd hr at 37°C in medium with the indicated additions (0.2 pM Bgt 3.1 and 1 pM Bgt 2.2). The cultures then were assayed with anti-Bgt 2.2 antiserum to determine the fraction of cell-associated radioactivity that remained accessible to the antibodies as described in Table II The second line of experiments examined whether Bgt 3.1 could internalize Bgt 2.2 bound to myotubes as well as neurons. Myotube cultures were labeled either with a saturating level of '251-Bgt 2.2 (9 nM) or with a subsaturating level (1 nM). The cultures then were washed, incubated with 0.2 PM Bgt 3.1, and assayed for the fraction of bound 1251-Bgt 2.2 that remained accessible to antibodies as described for CG neurons. No evidence for induced internalization was obtained. Both for control cultures and for cultures treated with Bgt 3.1, 50 to 60% of the bound Bgt 2.2 could interact with antibody and be recovered in an antigen -antibody complex associated with the Staphylococcus (Table IV) .
Mechanism of internalization. The observation that internalization could be blocked by high concentrations of Bgt 2.2 suggested that Bgt 3.1 might normally induce internalization of bound Bgt 2.2 by binding to unoccupied Bgt 2.2 sites. To determine whether Bgt 3.1 and Bgt 2.2 shared a common binding site, competition binding studies were carried out between '251-Bgt 2.2 and Bgt 3.1 on CG neurons. Incubations were carried out at 4°C so that internalization would not occur. The cultures were incubated first in various concentrations of Bgt 3.1 for 1 hr and then assayed for the number of unoccupied Bgt 2.2 sites remaining by adding lz51-Bgt 2.2. Bgt 3.1 at 0.2 PM, the concentration used to induce internalization, blocked about two-thirds of the sites (Fig. 10) .
If Bgt 3.1 triggers internalization by occupying Bgt 2.2 binding sites, then ligands which compete for the remaining Bgt 2.2 binding sites should prevent Bgt 3.1 from inducing internalization of bound Bgt 2.2. Previous stud- (Table V) . Cholinergic ligands themselves did not induce internalization of '251-Bgt 2.2 bound to the neurons (Table VI) . Gel filtration studies with '251-Bgt 2.2 and Bgt 3.1 on Sephadex G-50 columns indicated that Bgt 3.1 did not bind to 12"1-Bgt 2.2 and did not cause aggregation of '251-Bgt 2.2 free in solution (data not shown).
Blockade of ACh sensitivity. We previously reported that Bgt 3.1 blocks ACh sensitivity on CG neurons in culture (Ravdin and Berg, 1979) . The present work demonstrates that Bgt 3.1 induces the internalization of Bgt 2.2 bound to the neurons. To examine the relationship between these two consequences of Bgt 3.1, we tested the effect of Bgt 3.1 on ACh sensitivity under conditions where internalization was prevented. CG neuron cultures were incubated first in 50 nM R-2.2 to label the cells and then in 1 PM Bgt 2.2 to block internalization of the Bgt 2.2 binding sites. Bgt 3.1 (0.2 PM) then was added and the cultures were examined by fluorescence microscopy to confirm that no internalization of the R-2.2 had occurred. Finally sensitivity to iontophoretically applied ACh was measured and compared to values obtained in control cultures lacking exposure to toxins and in cultures receiving only Bgt 3.1. In all cases, Bgt 3.1 was able to block almost all of the ACh sensitivity (Table VII) Ravdin et al Vol. 1, No. 8, Aug. 1981 Such levels of Bgt 2.2 would not be adequate to account for the observed blockade. The fraction of bound Bgt 2.2 that could be internalized by Bgt 3.1 treatment depended on the degree of saturation of the binding sites with Bgt 2.2. Under conditions where approximately 30% of the sites were occupied by Bgt 2.2, antibody studies suggested that Bgt 3.1 treatment may have internalized as much as 70% of the Bgt 2.2, i.e., the amount of cell-associated Bgt 2.2 that could be recovered as antigen. antibody complex was reduced by 70%. When a larger fraction of the sites was occupied with Bgt 2.2, a smaller percentage was internalized. Maintaining a saturating concentration of Bgt 2.2 throughout the period of exposure to Bgt 3.1 completely blocked internalization. Studies on the internalization of epiderma1 growth factor by human epitheloid carcinoma cells have suggested that, in some cases, internalization may be rate limiting at high receptor occupancy (Haigler et al., 1978) . The fact that saturating levels of Bgt 2.2 completely blocked internalization, however, suggests that the reduced efficiency of internalization with increased site occupancy may reflect a competition between Bgt 3.1 and Bgt 2.2, i.e., Bgt 3.1 may have to bind to some of the Bgt 2.2 sites in order to induce internalization.
The temperature shift experiments with R-2.2 and Bgt 3.1 indicated that Bgt 3.1-driven internalization was temperature dependent. The antibody experiments confirmed that Bgt 3.1 was unable to induce internalization of Bgt 2.2 at 4°C. Competition binding studies at 4°C indicated that Bgt 3.1 was able to block a large fraction of the Bgt 2.2 binding sites. The inhibition studies with d-tubocurarine and hexamethonium suggested a good correlation between the ability of a drug to occupy the Bgt 2.2 binding site and the ability to block the Bgt 3.1-induced internalization of lz51-Bgt 2.2. The correlations for carbamylcholine and for decamethonium, however, were less convincing. While these results are generally consistent with a mechanism for internalization in which Bgt 3.1 interacts directly with the Bgt 2.2 binding site, additional experiments will be necessary to confirm this. It remains possible that saturation of Bgt 2.2 binding sites with Bgt 2.2 or other ligands prevents internalization of the sites by altering their properties in the membrane and that this action is independent of their ability to prevent access of Bgt 3.1 to the sites.
It is likely that the internalization of Bgt 2.2 on neurons induced by Bgt 3.1 includes internalization of the Bgt 2.2 binding site as well. Spontaneous internalization of Bgt 2.2 on skeletal myotubes in culture has been shown to reflect ongoing metabolic turnover of the receptors in the membrane (Fambrough, 1979) . Bgt 2.2 binding sites on chick sympathetic neurons also have been shown to undergo spontaneous metabolic turnover (Carbonetto and Fambrough, 1979) . The neuronal sites have a halflife of about 11 hr in the membrane whether or not they are occupied with Bgt 2.2. The induced internalization of Bgt 2.2 observed in the present studies is much more rapid: the maximum extent of internalization caused by 0.2 PM Bgt 3.1 occurs within 40 min at 37°C. Spontaneous turnover of the toxin + receptor complex, however, would account for the limited degradation of bound lz51-Bgt 2.2 observed in control cultures where induced internalization did not occur.
The effect of Bgt 3.1 on internalization of membrane components is not universal. It did not induce internalization of Bgt 2.2 bound to skeletal myotubes where the Bgt 2.2 binding site is known to be the muscle acetylcholine receptor nor did Bgt 3.1 induce the internalization of R-NGF bound to the surface of chick sympathetic neurons, though it did induce the internalization of Bgt 2.2 on sympathetic neurons. Using a heavily derivatized R-NGF and fluorescence microscopy with an image intensifier, Levi et al. (1980) detected spontaneous internalization of R-NGF by chick sensory neurons and PC12 cells. We observed no spontaneous internalization of R-NGF by chick sympathetic neurons, but the R-NGF used here was only lightly derivatized and lo-fold higher concentrations were necessary to observe labeling. Possibly, spontaneous internalization of R-NGF went undetected in the present experiments because it represented only a small fraction of the total sites labeled. The observed R-NGF binding to sympathetic neurons was specific in the sense that it was saturable and did not occur at detectable levels on myotubes or fibroblasts in the cultures. The fact that Bgt 3.1 was unable to induce demonstrable internalization of the bound R-NGF supports the interpretation that the effect of Bgt 3.1 is specific: not all protein ligands on neuronal surfaces are internalized following Bgt 3.1 treatment. It might be argued that the NGF sites were saturated and, in analogy with the Bgt 2.2 sites, could not be internalized by Bgt 3.1 under these conditions. Unlike the Bgt 2.2 sites, however, pretreatment of the neurons with Bgt 3.1 produced no apparent decrement in the labeling obtained subsequently with R-NGF, suggesting that Bgt 3.1 could neither occupy the NGF sites nor internalize them when unoccupied with NGF.
Numerous cases have been reported in which cells internalize proteins bound to their surfaces. Examples include certain peptide hormones, low density lipoprotein, and diphtheria toxin. One common mechanism of internalization is thought to be "receptor-mediated endocytosis" (Goldstein et al., 1979) . In this case, a ligand
